The spermatogenesis and oogenesis-specific transcription factor Sohlh2 is normally expressed only in premeiotic germ cells. In this study, Sohlh2 and several other germ cell transcripts were found to be induced in mouse embryonic stem cells when cultured on a feeder cell line that overexpresses bone morphogenetic protein 4. To study the function of Sohlh2 in germ cells, we generated mice harboring null alleles of Sohlh2. Male Sohlh2-deficient mice were infertile because of a block in spermatogenesis. Although normal prior to birth, Sohlh2-null mice had reduced numbers of intermediate and type B spermatogonia by postnatal day 7. By day 10, development to the preleptotene spermatocyte stage was severely disrupted, rendering seminiferous tubules with only Sertoli cells, undifferentiated spermatogonia, and degenerating colonies of differentiating spermatogonia. Degenerating cells resembled type A2 spermatogonia and accumulated in M-phase prior to death. A similar phenotype was observed in Sohlh2-null mice on postnatal days 14, 21, 35, 49, 68, and 151. In adult Sohlh2-mutant mice, the ratio of undifferentiated type A spermatogonia (DAZL؉/ PLZF؉) to differentiating type A spermatogonia (DAZL؉/ PLZF؊) was twice normal levels. In culture, undifferentiated type A spermatogonia isolated from Sohlh2-null mice proliferated normally but linked the mutant phenotype to aberrant cell surface expression of the receptor-tyrosine kinase cKit. Thus, Sohlh2 is required for progression of differentiating type A spermatogonia into type B spermatogonia. One conclusion originating from these studies would be that testicular factors normally regulate the viability of differentiating spermatogonia by signaling through Sohlh2. This regulation would provide a crucial checkpoint to optimize the numbers of spermatocytes entering meiosis during each cycle of spermatogenesis. STEM CELLS 2008;26: 1587-1597 Disclosure of potential conflicts of interest is found at the end of this article.
INTRODUCTION
To produce new gametes following each round of fertilization, a small population of cells in the proximal epiblast is instructed by bone morphogenetic proteins (BMP4 and BMP8b) to develop into primordial germ cells (PGCs) [1] [2] [3] . As the embryo develops further, the PGCs increase in number as they migrate to the developing ovaries or testes [4, 5] . In male rodents, after PGCs reach the developing testes, they become enclosed within the nascent seminiferous cords [6] . Subsequently, the gonocytes proliferate for a couple of days and then become quiescent; it is around this point that they are often referred to as gonocytes or prespermatogonia [6 -8] . Shortly after birth, gonocytes resume mitotic activity and develop further into type A spermatogonia that function as spermatogonial stem cells [6 -10] . During this period, gonocytes also give rise to the first populations of differentiating type A spermatogonia [8, 10] . Thus, some gonocytes bypass self-renewal and proceed directly into spermatogenesis to form the first generations of spermatozoa [8, 11] . Once formed, spermatogonial stem cells function throughout adult life to renew large populations of developing gametes that are constantly being released from the testes as mature spermatozoa.
In adult mammals, spermatogonial stem cells are thought to reside as a subset of the undifferentiated type A spermatogonia that are located along the basement membrane of the seminiferous tubules. One prominent hypothesis is that spermatogonia in the single cell state, termed A-single (A s ) spermatogonia, function as spermatogonial stem cells in the adult testis [12] [13] [14] . As such, they must be able to divide to form new A s spermatogonia, plus daughter cells that give rise to "undifferentiated" chains of interconnected spermatogonia [12] [13] [14] . Two-cell chains are termed A-paired (A pr ) spermatogonia. Chains of 4 -32 cells are termed A-aligned (A al ) spermatogonia. From the viewpoint of gene expression, undifferentiated A s , A pr , and A al spermatogonia express relatively low levels of the receptor-tyrosine kinase cKit [15] [16] [17] [18] but higher levels of other essential proteins, including Plzf [19, 20] , Ret, Gfra1 [21] [22] [23] , Sox3 [24] , and Ngn3 [25] . Consistent with this pattern of expression, most of the latter molecules are required for maintenance of undifferentiated spermatogonia in the testes [19 -24] , whereas signaling pathways linked to cKit are well established as being required for differentiating spermatogonia and spermatocytes to progress through spermatogenesis [16, 26 -34] .
Here, when we cultured mouse embryonic stem cells (ESCs) on an epithelial cell line that stably expresses recombinant BMP4 [3] , several germ cell-specific transcripts were upregulated in the ESCs. Recombinant forms of BMPs were also recently reported to induce germ cell development in cultures of human ESCs [35] . These results mirror the abilities of BMP4 and BMP8b to induce germ cell fate in cells of the epiblast [1] [2] [3] . Interestingly, one of the transcripts induced in mouse ESCs by the BMP4-expressing cell line encoded the newly described transcription factor Sohlh2 [36] . Sohlh2 was named on the basis of its homology with the initially described spermatogenesis and oogenesis-specific basic helix-loophelix (bHLH) transcription factor Sohlh1 [36, 37] . As their names indicate, Sohlh1 and Sohlh2 are specifically expressed in male and female germ cells [36 -38] , and genetic studies in mice have shown that Sohlh1 is required for oogenesis and spermatogenesis [37] . We show that in addition to its induction in ESCs, Sohlh2 is critical for proper development of differentiating spermatogonia into preleptotene spermatocytes, and we identify the receptor-tyrosine kinase cKit as a potential downstream effector of Sohlh2 function. Because overproduction of preleptotene spermatocytes severely disrupts spermatogenesis and leads to male infertility [39 -42] , signaling through Sohlh2, and potentially Sohlh1, could allow the seminiferous epithelium to regulate the numbers of differentiating spermatogonia that enter meiosis.
MATERIALS AND METHODS
Protocols on generation of Sohlh2-deficient mice, embryonic stem cell culture, immunohistochemistry, immunocytochemistry, transcript analyses, fractionation of mouse testis cells, flow cytometry, and derivation of spermatogonial lines are given in supplemental online Materials and Methods.
Histological Analysis of Mouse Testes
Spermatogenesis was evaluated in hematoxylin and eosin (H&E)-stained, 5-m-thick histological sections prepared from testes of wildtype and Sohlh2-null littermates on embryonic day 17.5 post coitus (E17.5) and on postnatal days 1, 7, 10, 14, 21, 35, 49, 68 , and 151. Prior to sectioning, the isolated testes were incubated overnight at 22°C-24°C in Bouin's fixative, washed thoroughly in 70% ethanol, and then embedded in paraffin. The average numbers of Sertoli cells, gonocytes, type A spermatogonia, intermediate to type B spermatogonia, preleptotene spermatocytes, leptotene to early pachytene spermatocytes, midpachytene to diplotene spermatocytes, round spermatids, and elongating spermatids were scored per tubular cross-section from mice on E17.5 and postnatal day (D) 7, D10, D14, D21, and D151. At each age, sections were prepared from duplicate animals from separate litters for each genotype. Numbers of cells per tubular cross-section were counted for each of the above categories by morphometric analysis using the Simple-PCI software (C-Imaging Systems, Compix, Cranberry Township, PA, http://www.cimaging.net) in line with an AX70 light microscope (Olympus, New Hyde Park, NY, http://www. olympus-global.com). Cells in cross-sections of 20 tubules (10 tubules from each of two animals per genotype) from E17.5, D7, D10, D14, D21, and D151 mice were counted in microscopic fields (16.8 mm 2 ) captured using a ϫ60 objective (supplemental online Table 1 ). Average counts for each cell type were normalized per 1,000 Sertoli cells from duplicate mice at each respective age (Fig. 2) . Spermatogenic cell types in wild-type mice were classified on the basis of their morphologies in the H&E-stained sections and localization to specific stages of a seminiferous epithelial cycle [43] [44] [45] . In Sohlh2 knockout mice, spermatogonia were classified as either undifferentiated or differentiated on the basis of their patterns of H&E staining in comparison with wild-type mice. This was due to our current inability to clearly identify distinct spermatogenic stages in Sohlh2 knockout mice.
Histological Analysis of Spermatogonial Types
Spermatogonial types present in Sohlh2-deficient mice were analyzed in H&E-stained sections as described above (5 m) and on the basis of staining profiles of different spermatogonial types present in adult wild-type mice. In wild-type mice, the numbers of undifferentiated and differentiating spermatogonia per tubular cross-section were first scored at stages II, III, V, VIII, X, and XII of spermatogenesis to avoid scoring differentiating spermatogonia in M-phase [44] . The spermatogenic stage of each tubule used to count spermatogonia and Sertoli cells was verified in parallel crosssections (5 m) stained by the periodic acid-Schiff method to visualize steps of mouse spermiogenesis (supplemental online Fig.  1A ) [43] . Then, average numbers of each spermatogonial type scored per tubular segment (n ϭ 5-8 cross-sections per stage) were normalized per 1,000 Sertoli cells (supplemental online Fig. 1B) . Undifferentiated spermatogonia were clearly distinguished from differentiating types during each stage because of their relative lack of nuclear staining (supplemental online Fig. 1C ). As bright-field images, undifferentiated spermatogonia were more lightly stained, with a uniform pattern throughout the cytoplasm and nucleus, compared with more differentiated types of spermatogonia. The intensity of chromatin staining gradually increased as undifferentiated spermatogonia differentiated into type A1 spermatogonia (supplemental online Fig. 1C ). Between stages VI and VIII, nucleoli of A al spermatogonia became more prominent, with a distinct "pinkish halo morphology" as they differentiated into type A1 spermatogonia (supplemental online Fig. 1C ). In contrast, types A1 to B spermatogonia showed increasingly darker staining in distinct regions of their chromatin as they differentiated. Types A1 and A2 spermatogonia often showed 1-3 "spots" of darkly stained chromatin situated randomly in the nucleus, which sharply contrasted with lighter staining chromatin throughout the rest of the nucleus. Nuclei of types A1 and A2 spermatogonia were clearly distinct from nuclei of undifferentiated spermatogonia and were four-to fivefold more abundant than undifferentiated spermatogonia in their respective stages (supplemental online Fig. 1B ). Relative numbers of each spermatogonial type scored per 1,000 Sertoli cells in adult wild-type mice during distinct stages of a spermatogenic cycle are plotted in supplemental online Figure 1B . These data are in close agreement with the relative numbers of spermatogonial types scored per 1,000 Sertoli cells in whole mounts of mouse seminiferous tubules [13] . Types A4, intermediate, and B spermatogonia showed the darkest overall patterns of chromatin staining, with increasing perinuclear localization of the most intensely stained regions of chromatin. Type A3 spermatogonia often appeared similar to type A2 spermatogonia, containing two to five small dark spots of chromatin, but some also showed staining similar to type A4 spermatogonia, with more darkly stained perinuclear regions of chromatin. Many A4 to B spermatogonia also contained spots of dark chromatin, and these spots often became large and more irregularly shaped in perinuclear regions (supplemental online Fig. 1C ).
Statistical Analyses
Results from wild-type and Sohlh2 mutant animal studies were tested for statistical significance using the Student t test. Differences were considered significant if p Ͻ .05.
RESULTS

Induction of Germ Cell Transcripts in Embryonic Stem Cells
In experiments studying germ cell specification in culture, transcripts normally expressed only during germ cell development, such as DAZL [46, 47] , Stella [48] , Fragilis [49] , and Stra8 [50] , were selectively induced in mouse ESCs following their culture on a COS-7 cell line that stably expresses BMP4 (Fig. 1A) [3] . This population of transcripts included one that encoded a bHLH transcription factor (GenBank accession no. AI427377) predicted by the Unigene Database (National Center for Bio-technology Information) to be expressed only in male and female gonads. More recently, this protein was termed Sohlh2 [36] . In adult tissues, transcripts encoding Sohlh2 were specifically detected in the testes by reverse transcription (RT)-polymerase chain reaction (PCR) (supplemental online Fig. 2A) . In postnatal testes, the abundance of Sohlh2 transcripts gradually increased in parallel with germ cell abundance from birth to postnatal day 18 and then decreased slowly until postnatal day 29 (supplemental online Fig. 2B ). In germ and somatic cell fractions isolated from 19-day-old mice, Sohlh2 transcripts were highly enriched in the germ cell fractions (supplemental online Fig. 2B ) [51] . These results were consistent with Sohlh2 being expressed specifically in premeiotic germ cells in vivo [36] and also show that Sohlh2 can be selectively induced in embryonic stem cells by a COS-7 cell line that expresses BMP4 as a physiological effector of germ cell specification [3] .
Male Sohlh2-Null Mice Are Sterile
To investigate the function of Sohlh2 during germ cell development, we mutated the Sohlh2 gene in mouse ESCs. Clonal ESC lines harboring a truncated Sohlh2 gene were derived and then used to generate mutant mice deficient in functional Sohlh2. The truncated gene was designed to encode for a form of Sohlh2 protein that lacks the bHLH DNA binding domain (supplemental online Fig. 3A ). This genotype was confirmed by genomic Southern blot and PCR analyses (supplemental online Fig. 3B, 3C ). In homozygous Sohlh2-deficient mice, no native Sohlh2 mRNA was detected in the testis or in spermatogonial lines derived from the Sohlh2-mutant mice, on the basis of analysis by RT-PCR (supplemental online Fig. 3D ). Male mice that were homozygous for the mutant Sohlh2 allele developed into apparently normal adults except that they were infertile, and their testes were clearly undersized (Fig. 1B) . Interbreeding of heterozygous mice yielded the Mendelian ratio (79:151:73) of Sohlh2Ϫ/Ϫ, Sohlh2ϩ/Ϫ, and Sohlh2ϩ/ϩ F1 progeny. These results indicated that there is no lethality caused by the Sohlh2 mutation. Immunohistochemical analysis with antibodies to the deleted in azoospermia-like (DAZL) protein (Fig. 1B) and germ cell nuclear antigen (GCNA) (supplemental online Fig. 4 ), which label all stages of spermatogonia and spermatocytes [46, 47, 52, 53] , revealed that the germ cell population was severely depleted in adult testes. A significant difference in testis weight was measured as early as postnatal day 14 and the difference in testis weight increased over time (Fig. 1C) . Testes from adult Sohlh2Ϫ/Ϫ males (8 -16 weeks old; n ϭ 5) on average weighed 3 to 4 times less than testes from Sohlh2ϩ/ϩ or Sohlh2ϩ/Ϫ mice (Fig. 1C) . These results showed a clear defect in spermatogenesis in Sohlh2-null mice.
Type A Spermatogonia Degenerate in Testes of Sohlh2-Null Mice
On the basis of the early onset of testicular atrophy (Fig. 1C) , we next analyzed postnatal germ cell development in testes of The spermatogenic defect was widespread and was observed in 100% of the tubular cross-sections examined in mice on D10, D14, D21, and D151 (supplemental online Fig. 5A, 5C ). Results from the histological analyses indicated that disruption of Sohlh2 caused a progressive degenerative defect in type A spermatogonia (Fig. 4) . Consistent with this hypothesis, we observed increased numbers of abnormal differentiating type A-like spermatogonia on the tubular basement membrane of Sohlh2-null mice at all ages examined (Figs. 3, 4 ; supplemental online Fig. 5B-5D ). The abnormal cells displayed heterochro- matin patterns most similar to that reported for degenerating type A2-A4 spermatogonia in M-phase [15, 43, 54] . Mitotic figures of spermatogonia expressing phospho-histone-3 were still present in 2-and 5-month-old Sohlh2-null mice and appeared to accumulate in M-phase prior to death (supplemental online Figs. 1D , 5B, 5D). In H&E-stained sections, the degenerating cells increased in volume as they approached metaphase; thereafter, these cells displayed irregular spindle apparatus and intensely stained pericellular regions of heterochromatin (supplemental online Fig. 5D ). Studies examining the uptake of bromodeoxyuridine in 2-month-old mice further indicated that spermatogonia were still dividing in testes of the Sohlh2-mutant mice and that the ratio of undifferentiated type A spermatogonia (DAZLϩ/PLZFϩ) to differentiating type A spermatogonia (DAZLϩ/PLZFϪ) in Sohlh-null mice was double normal levels (supplemental online Fig. 6 ). These results show that Sohlh2-null mice are infertile because of a defect that prevents differentiating type A spermatogonia from properly developing into type B spermatogonia.
Undifferentiated Spermatogonia Appear Normal in Sohlh2-Null Mice
We next analyzed the populations of undifferentiated spermatogonia in 10-day-old Sohlh2 null mice. Numerous segments in seminiferous tubules from Sohlh2-null mice contained higher concentrations of undifferentiated spermatogonia (DAZLϩ/ PLZFϩ) relative to differentiating spermatogonia (DAZLϩ/ PLZFϪ) compared with wild-type mice (Fig. 5A) . Also, on the basis of their ability to bind to laminin, more DAZLϩ/PLZFϩ spermatogonia were isolated from testes of Sohlh2-null mice than from wild-type mice on D10 (Sohlh2-null, 7.2 Ϯ 0. (Fig. 5B) . After proliferating for more than 20 passages in culture, spermatogonia from each genotype increased Ͼ500,000-fold in number over a 6-month period and continually expressed high relative levels of both DAZL and PLZF, which classified them as undifferentiated, type A spermatogonia (Fig. 5C, 5D ). Thus, Sohlh2 is not required for development of undifferentiated spermatogonia in vivo, and loss of functional Sohlh2 did not affect the rate of spermatogonial proliferation in culture.
Aberrant Expression of cKit on Spermatogonia from Sohlh2-Null Mice
To identify genes that could be linked to the phenotype observed in Sohlh2-null mice, we initially compared the relative abundance of transcripts expressed in the testes of mutant and wildtype mice by using Affymetrix 430 2.0 microarray chips (Affymetrix, Santa Clara, CA, http://www.affymetrix.com). We chose to extract RNA from the testes of 8-day-old mice because of the substantially lower abundance of differentiating germ cell types normally present at this young age compared with adult mice [51] . Supplemental online Table 3 shows the relative abundance of several transcripts important for spermatogonial renewal, survival, and/or differentiation. Many of these transcripts were subsequently analyzed by RT-PCR using the same pools of RNA (Fig. 6A) . Of note, genes implicated in meiosis and apoptosis, such as Mlh1, Bcl2, Bax, and Bcl2l2, were expressed at relatively similar levels in Sohlh2-null and wildtype testes (supplemental online Table 3 ). However, some transcripts expressed by undifferentiated spermatogonia were more abundant in Sohlh2-null testes compared with wild-type testes, including Gfra1, Oct4, and Sox2 ( Fig. 6A ; supplemental online Table 3 ). In contrast, some genes associated with oogonial and spermatogonial differentiation appeared to be downregulated in Sohlh2-null testes, including Lhx8, cKit, Crabp1, and Ngn3 ( Fig. 6A ; supplemental online Table 3 ). Because transcripts encoding cKit were reduced in the testes of 8-day-old mice, and because some mutations that disrupt cKit signaling [27, 30, 34] result in a similar germ cell phenotype, as observed in Sohlh2-null mice, we next examined the expression of cKit on spermatogonia from wild-type and Sohlh2-null mice. In seminiferous tubules from 10-day-old Sohlh2-null mice, tubular segments without cKit expression were common (Fig.  6B) , whereas tubular segments expressing cKit were prevalent in their wild-type litter mates (Fig. 6B) . Consistent with these results, the expression of cKit on spermatogonial lines from Sohlh2-null mice was reduced more than threefold compared with spermatogonial lines derived from wild-type mice ( Fig. 6C ; supplemental online Fig. 7) . Thus, Sohlh2 is required for spermatogenesis and can regulate the expression of cKit on spermatogonia. 
DISCUSSION
Here, we show that the spermatogenesis-and oogenesis-specific bHLH transcription factor Sohlh2 is required for spermatogenesis. In Sohlh2-null mice, spermatogenesis is disrupted throughout postnatal life because of degeneration of differentiating type A spermatogonia (Fig. 7) . On the basis of comparisons with wild-type mice, a dramatic loss of differentiating spermatogenic cells in Sohlh2-null mice is evident by postnatal days 10 and 14, and the defect persists into adulthood when the seminiferous tubules contain predominantly Sertoli cells and type A spermatogonia. A requirement for survival of differentiating spermatogonia points to a potential physiological role of Sohlh2 in the regulation of cell density during spermatogenesis [39, 40, 54, 55] . Selective loss of differentiating spermatogonia is well documented in rodents, where it is primarily accounted for by death of A2, A3, and A4 spermatogonia [45, 54 -56] . Normally, numbers of A1 spermatogonia fluctuate by more than threefold during different spermatogenic cycles and are frequently produced in excess [45, 55] . However, densities of type B spermatogonia and preleptotene spermatocytes remain constant in different spermatogenic waves from cycle to cycle [45, 55] . This shows that the density of spermatogonia entering meiosis is tightly regulated by eliminating excess A2, A3, and A4 spermatogonia [45, 55] . The importance of this regulation is highlighted in transgenic mice, where death of differentiating spermatogonia is blocked either by overexpression of antiapoptotic Bcl-2 family proteins (i.e., Bcl-2 and Bcl-X L ) [39, 40] or by inactivation of apoptosis-inducing Bcl-2 family members, such as Bax, Bim, and Bik [41, 42, 57] . In these animals, a surplus of type B spermatogonia and preleptotene spermatocytes is formed, which leads to infertility due to massive germ cell death during the early steps of meiosis [39 -42, 57] . Because Sohlh2 is required for development of type B spermatogonia, this germline-specific bHLH family member could function to regulate the numbers of spermatocytes that enter meiosis so as not to disrupt spermatogenesis.
In addition to a reduction in numbers of differentiating spermatogonia, we also observed higher concentrations of undifferentiated spermatogonia in the testes of Sohlh2-null mice compared with wild-type mice. On postnatal day 10, we were able to isolate almost twice the number of lamininbinding, Plzf-positive cells from Sohlh2-null mice as from wild-type mice. A block in the ability of spermatogonia to differentiate during the initial cycles of spermatogenesis would potentially result in increased numbers of spermatogonia that express Plzf in the testes. The accumulation of undifferentiated spermatogonia at day 10 could also be explained by an increased rate of spermatogonial amplification in Sohlh2-null mice. However, under culture conditions where stem cell activity is maintained in response to glial cell line-derived neurotrophic factor (GDNF) [58] , spermatogonial lines derived from Sohlh2-null mice did not proliferate faster than spermatogonial lines derived from wild-type mice (Fig. 5B) . Thus, it is possible that undifferentiated spermatogonia in young Sohlh2-null mice do not undergo a developmental inhibition as normally occurs in rodent testes [59, 60] . This negative regulatory mechanism is thought to be mediated by factors that are produced by differentiating spermatogonia, potentially intermediate and type B spermatogonia [59, 60] . Accordingly, the relative lack of intermediate and type B spermatogonia in Sohlh2 null mice could result in the absence of factors that function to block amplification of undifferentiated spermatogonia. Although such paracrine factors are normally produced in the testes, they may not be present at effective concentrations in cultures of highly pure undifferentiated spermatogonia or in testes of Sohlh2-null mice. We recently reported that GDNF can function in synergy with another polypeptide, termed neuregulin-1, to stimulate cultures of undifferentiated spermatogonia to develop into chains of spermatogonia at the 4-, 8-, 16-, and 32-cell stages [61] (Fig. 7) . In the presence of low neuregulin-1 concentrations, GDNF functioned only as a partial agonist to stimulate formation of longer spermatogonial chains [61] . However, in the presence of higher neuregulin-1 concentrations, the effectiveness of GDNF for stimulating the formation of longer spermatogonial chains was dramatically increased [61] . Therefore, loss of differentiating spermatogonia in Sohlh2-null mice could unmask cooperative effects of GDNF and neuregulin-1 to amplify the numbers of A1 spermatogonia produced during a spermatogenic cycle (Fig. 7) .
Ballow et al. initially reported the identification of Sohlh2 by Blast homology searches against Sohlh1; the two genes they found shared high homology at the amino acid level within their DNA-binding domains (Ͼ50%) [36] . Like Sohlh1, Sohlh2 is specifically expressed in the male and female germ lines [36 -38] . Sohlh2 transcripts are clearly expressed as early as E12.5 in the gonads of both male and female mice [36] . In males, Sohlh2 protein was detected in undifferentiated and differentiating spermatogonia of mice at postnatal days 5, 21, and 49 [36] , which substantially overlaps the expression profile reported for Sohlh1 in developing gametes [37, 38] . In females, Sohlh2 protein is expressed in developing germ cells of the ovary by E17.5 and in oocytes of primordial and primary follicles in adults; Sohlh2 was not detected in secondary follicles [36] . Disruption of Sohlh1 blocks follicle formation and is linked to downregulation of genes that are essential for folliculogenesis [38] . Preliminary experiments show that Sohlh2 is also required for oocyte development and fertility in females (J.H., unpublished data). In addition to their overlapping expression profile in male and female germ cells and their requirement for premeiotic stages of male and female gametogenesis, both Sohlh1 and Sohlh2 regulate several of the same genes. Based on transcript analyses, both Sohlh1 [37, 38] and Sohlh2 function to maintain the relative abundance of Lhx8, Crabp1, Ngn3, and cKit in spermatogonia. The high degree of homology in their DNA binding domains, their overlapping gene expression profiles, and their remarkably similar effects on male and female germ cell development suggest that Sohlh1 and Sohlh2 could function as a heterodimer to regulate analogous biochemical pathways required for development of male and female germ cells. Figure 5C with isotype control antibodies. Purified rabbit IgG (green) and purified mouse IgG1 (red) showed background levels of immunoglobin binding to spermatogonial lines derived from wild-type and Sohlh2 KO mice and to the MEF feeder cells within the cultures. Right, phase-contrast microscope images of the same cells shown in the left panels. Abbreviation: KO, knockout.
The requirement of cKit and its ligand, stem cell factor (SCF), for development of differentiating spermatogonia is exemplified by naturally occurring mutations in mice [42, 62, 63] . Mutations in the Dominant White Spotting (W) locus, encoding KIT, or the Steel (Sl) locus, encoding SCF, result in sterility, hypoplastic anemia, and the depletion of mast cells and melanocytes [64] . Mutations in either the W or Sl locus can severely disrupt the ability of cKit to signal survival of and Ret, as reviewed by de Rooij [73] . ‫,ء‬ It should be noted that the effects of Neuregulin on spermatogonial development have been reported only in tissue culture [61] . ‫,ءء‬ In addition to cKit, other molecules have been reported to regulate transition of A al spermatogonia into A1 spermatogonia, including retinoic acid, testosterone, and Cyclin D [73] . ‫,ءءء‬ As postulated here for Sohlh2, Bcl-2 family proteins have been implicated in regulating the density of differentiating spermatogonia [73] . Abbreviations: GDNF, glial cell line-derived neurotrophic factor; PL, preleptotene spermatocytes.
proliferating PGCs, which results in markedly reduced numbers of spermatogonia in the postnatal testes [42, 62, 63] . In postnatal mouse testes, the transmembrane form of cKit is normally expressed on differentiating spermatogonia, spermatocytes, and Leydig cells [15] [16] [17] 26] , whereas Sertoli cells produce both soluble and transmembrane forms of SCF [65] [66] [67] [68] . Spermatogonia formed in mice with Sl and W mutations are unable to undergo spermatogenesis due a block in the ability of A al spermatogonia to differentiate into A1 spermatogonia [15] . However, if spermatogonia from Sl mutant mice are transplanted into testes of W mutant mice where SCF is produced, the mutant spermatogonia are able to differentiate [29] and develop into spermatozoa [69] . Likewise, wild-type spermatogonia differentiate and develop normally if transplanted into testes of W mice [70, 71] . In contrast, if spermatogonia from normal mice are transplanted into testes of Sl mice, or if spermatogonia from W mice are transplanted into normal mice, colonies of proliferating undifferentiated spermatogonia do develop, but they do not produce differentiating spermatogonia [28, 29] . Thus, Sl and W mutations resulting in loss of cKit activity can disrupt the ability of A al spermatogonia to differentiate into A1 spermatogonia. In this respect, it should be stressed that even though morphometric analysis of Sohlh2-deficient mice shows a spermatogenic block after differentiation into type A1 spermatogonia, it is still possible that loss of Sohlh2 function alters spermatogonial staining patterns and that the developmental block actually occurs because of a defect in the ability of A al spermatogonia to properly differentiate. Therefore, subsequent studies are needed to verify the types of spermatogonia most affected by loss of Sohlh2 function. Interestingly, normal numbers of undifferentiated spermatogonia are able to develop from PGCs in mice with a point mutation in the W locus that disrupts the phosphoinositide 3-kinase binding site on cKit (Kit Y719F ); however, the subsequent formation of spermatocytes in these animals is severely disrupted [27, 30] . Thus, cKit signaling pathways required for survival and development of PGCs into gonocytes are distinct from those required for differentiation of spermatogonia into spermatocytes [32, 72] . More detailed morphometric studies should be performed on testes of Kit Y719F mutant mice to determine whether this point mutation blocks differentiation of A al spermatogonia into A1 spermatogonia or whether the defect results in degeneration of differentiating type A spermatogonia, as in Sohlh2 mice. However, in mutant mice with haploid levels of fully functional cKit (W lacz/ϩ mice), differentiating type A spermatogonia are initially formed at normal numbers but show a pronounced decrease in their numbers of type B spermatogonia produced after 1.5 months of age [34] . After this point, their phenotype is similar to but not as severe as that shown here in Sohlh2 mutant mice. At 5 months of age, W lacz/ϩ mice produce only 15% of the number of type B spermatogonia counted in wild-type mice. However, unlike Sohlh2-null mice, which are completely infertile, W lacz/ϩ mice showed only a 15% decrease in fertility [34] . Thus, haploid levels of cKit activity are sufficient and necessary for development of A al spermatogonia into differentiating type A spermatogonia, but they become limiting for their subsequent development into type B spermatogonia in older animals [34] . Biochemical studies using neutralizing antiserum and recombinant SCF have long predicted such a requirement for cKit by differentiating spermatogonia [26, 33] . However, because cKit is expressed abundantly by Leydig cells, and because the lack of cKit activity blocks formation of A1 spermatogonia, a developmental requirement for the expression of cKit on differentiating spermatogonia and early spermatocytes remains to be established genetically.
Although many genes related to apoptotic signaling in germ cells were not affected by the lack of functional Sohlh2, transcripts encoding cKit were less abundant in testes of Sohlh2-null mice. The reduction in cKit expression on postnatal day 8 appeared modest; however, in a background where cKit transcripts are predominantly produced by Leydig cells [16, 26] , it suggested that loss of Sohlh2 function potentially had a more profound effect on cKit expression in germ cells. Germ cells in testes of 10-day-old Sohlh2-null mice did show lower levels of cKit expression at the protein level, but this result likely reflects the lack of differentiating spermatogonia and spermatocytes in tubular segments where cKit was not detected. For example, in 10-day-old Sohlh2-null mice, this would be possible in tubular segments during stages IV-VI of a spermatogenic cycle, given their lack of intermediate and type B spermatogonia (Figs. 3-5) . Even longer continuous segments enriched in PLZF-expressing spermatogonia could occur within seminiferous tubules of Sohlh2-null mice if PLZF is expressed in A1 spermatogonia and if cKit is not upregulated during their transition from the A al stage (Fig. 6C) . Because we show the expression of cKit to be dependent on Sohlh2 in our spermatogonial lines, and because the phenotypes of Sohlh1 and Sohlh2 mutant mice are manifested by an inability of spermatogonia to differentiate into meiosis, the loss of cKit expression in Sohlh2-deficient germ cells could contribute to their defects in spermatogenesis. If so, forced expression of a cKit transgene selectively in spermatogonia and spermatocytes would theoretically rescue spermatogenesis in Sohlh2-null mice (Fig. 7) .
SUMMARY
Male mice that lack Sohlh2 are infertile because of an early block in spermatogenesis. The spermatogenic block is manifested as degeneration of type A spermatogonia, which results in mice that lack meiotic and haploid germ cells in their testes throughout adult life. More specifically, loss of Sohlh2 prevents the normal progression of differentiating type A spermatogonia into type B spermatogonia that would otherwise produce new preleptotene spermatocytes to initiate meiosis. These results shed light on potential models where testicular factors normally regulate the viability of differentiating spermatogonia by signaling through Sohlh2 and/or its effectors. This would provide a key checkpoint for optimizing the numbers of spermatozoan progenitors that enter meiosis during each cycle of spermatogenesis. Future experiments should more precisely define which types of differentiating spermatogonia (i.e., types A2, A3, and A4) are most sensitive to loss of Sohlh2 activity and their mechanism of death. This could lead to an understanding of physiological signaling pathways that maintain spermatocyte homeostasis by regulating spermatogonial density. Because spermatocyte overgrowth can completely disrupt spermatogenesis, such a mechanism would prove critical for male fertility.
